The fiber specificity of skeletal muscle abnormalities in chronic heart failure (CHF) has not been defined. We show here that transgenic mice (8 weeks old) with cardiac-specific overexpression of calsequestrin developed CHF (50.9% decrease in fractional shortening and 56.4% increase in lung weight, P < 0.001), cachexia (37.8% decrease in body weight, P < 0.001), and exercise intolerance (69.3% decrease in running distance to exhaustion, P < 0.001) without a significant change in muscle fiber-type composition. Slow oxidative soleus muscle maintained muscle mass, whereas fast glycolytic tibialis anterior and plantaris muscles underwent atrophy (11.6 and 13.3%, respectively; P < 0.05). In plantaris muscle, glycolytic type IId/x and IIb, but not oxidative type I and IIa, fibers displayed significant decreases in cross-sectional area (20.3%, P < 0.05). Fast glycolytic white vastus lateralis muscle showed sarcomere degeneration and decreased cytochrome c oxidase IV (39.5%, P < 0.01) and peroxisome proliferator-activated receptor ␥ coactivator 1␣ protein expression (30.3%, P < 0.01) along with a dramatic induction of the MAFbx/Atrogin-1 mRNA. These findings suggest that exercise intolerance can occur in CHF without fiber type switching in skeletal muscle and that oxidative phenotype renders myofibers resistant to pathological insults induced by CHF. It is well known that peripheral pathological changes in skeletal muscle figure prominently in the most prevalent clinical symptoms of chronic heart failure (CHF), exercise intolerance.
It is well known that peripheral pathological changes in skeletal muscle figure prominently in the most prevalent clinical symptoms of chronic heart failure (CHF), exercise intolerance. [1] [2] [3] [4] [5] [6] However, the structural complexity of skeletal muscle and the delicate relationship between skeletal muscle structure and function have impeded rapid progress of effective clinical intervention. Despite extensive research efforts and numerous reports in human patients and animal models of CHF on skeletal muscle abnormalities, including muscle wasting, decreased percentage of oxidative fibers, impaired excitation-contraction coupling, mitochondrial dysfunction, and vascular rarefaction, 4,7-12 the current understanding of muscle pathophysiology is still inadequate. Specifically, there is no information available regarding the fiber-type specificity of the abnormalities. Incomplete understanding of the etiology of CHF has undoubtedly hindered development of successful therapeutic regimens for this detrimental clinical symptom.
Results from many previous studies favor the hypothesis that exercise intolerance in CHF is attributable to specific myopathies characterized by atrophy and a shift from the slow-twitch fatigue-resistant oxidative fibers to the more fatigable fast-twitch glycolytic fibers. 7, [13] [14] [15] However, recent studies have shown that improved exercise tolerance could occur without significant change in fiber-type composition in CHF patients, 16 supporting a view that slow-to-fast fiber-type switching does not solely account for exercise intolerance. Intriguingly, many studies have also shown that skeletal muscle rich in oxidative fibers are more resistant to and skeletal muscle rich in glycolytic fibers are more prone to metabolic abnormalities under pathological conditions. [17] [18] [19] [20] [21] [22] [23] These findings together illustrate a paradoxical paradigm and suggest the complexity in the development of this clinical symptom, which has prompted us to characterize the skeletal muscle abnormalities more comprehensively in a genetic mouse model of CHF. An improved understanding of the pathological changes in peripheral skeletal muscle under the CHF condition will help develop effective therapeutics for this clinical etiology.
In this study, we took advantage of our newly developed fiber type-specific analyses to ascertain whether CHF results in skeletal muscle abnormalities in a fiber type-specific manner. We hypothesized that glycolytic fibers are more susceptible than oxidative fibers to the pathological insults induced by CHF. We showed that exercise intolerance can occur without a significant change in skeletal muscle fiber type composition in mice with CHF. We have also obtained comprehensive morphological, biochemical, and gene expression evidence to indicate that multiple skeletal muscle abnormalities, including vascular rarefaction, reduced mitochondrial oxidative enzyme expression, myopathy, and muscle atrophy, are all manifested in glycolytic fibers, consistent with a notion that oxidative muscle phenotype is associated with a protective mechanism against the pathological insults caused by CHF.
Materials and Methods

Experimental Animals
Transgenic mice (DBA/C57BL/6, 8 weeks old) with cardiac-specific overexpression of the sarcoplasmic reticulum Ca 2ϩ storage protein calsequestrin (CSQ) 24, 25 and the wild-type (WT) littermates were housed in temperature-controlled quarters (21°C) with 12-hour light/dark cycles and provided with water and chow (Purina, Richmond, IN) ad libitum. The hindlimb muscles, lung, and heart were harvested after the mice were sacrificed by an intraperitoneal overdose injection of sodium pentobarbital (125 mg/kg, i.p.); organs were measured for wet weight and processed for further analyses. All animal protocols were approved by the Duke University Institutional Animal Care and Use Committee.
Transthoracic Echocardiography
Two-dimensional guided M-mode and Doppler echocardiography was performed using an HDI 5000 echocardiograph (ATL, Bothell, WA) in conscious mice as described previously. 26, 27 Three independent echocardiographic measurements were taken in both modes for each mouse for the following parameters: left ventricular end-diastolic dimension (LVEDD) and left ventricular end-systolic dimension (LVESD) to obtain a mean value. Left ventricular fraction shortening (FS%) was calculated as FS% ϭ (LVEDD Ϫ LVESD)/LVEDD ϫ 100%.
Determination of Exercise Intolerance
The mice were housed in a designated treadmill test room with dark-light cycle control (3:00 PM off, 3:00 AM on) for 3 days. They were then subjected to running on a 16-track motorized treadmill at a low speed (0.5 mph, 0% incline) for 10 minutes each day for 3 days to be acclimatized to treadmill running. The acclimatization sessions always started at 5 minutes after the start of the dark cycle. These pretest training sessions are considered essential to minimize variability of the running test results. On day 4, food was removed 3 hours before the dark cycle, and mice were tested on the treadmill beginning with a parameter of 0.5 mph and 5% incline. The speed was increased by 0.1 mph every 30 minutes up to 1 mph. To ensure humane treatment of the animals, mice were encouraged to run by being stimulated on the tail with a soft brush attached to the back door that could be easily opened. Exhaustion was defined as mice that refused to run for 10 seconds. The custom-designed back door of the running track chamber was then opened immediately to terminate the test. The time of running for each mouse was recorded, and the total distance was calculated. To minimize subjectivity of the tests, the person who was responsible for the treadmill test was unaware of the genotype of the mice. To exclude the possibility that treadmill running induces damage and acute responses in recruited skeletal muscles that could confound the analyses, we performed the treadmill running test for a different set of mice from the ones we performed comprehensive morphological, biochemical, and gene expression analyses.
Determination of Skeletal Muscle Fiber Type Composition
Fiber type composition was determined in plantaris muscles as described previously. 28 In brief, isolated muscles were immersed in 30% sucrose/phosphate-buffered saline solution (PBS) for ϳ2 hours at 4°C and frozen in liquid nitrogen-cooled isopentane. Frozen sections (5 m) were cut and fixed in 4% paraformaldehyde/PBS for 10 minutes and permeabilized with 0.3% Triton X-100/PBS for 10 minutes at 4°C. The sections were then blocked by 5% normal goat serum (NGS)/PBS for 30 minutes at room temperature, followed by incubation with mouse antimyosin heavy chain I (MHC I) (BA-F8, 1:25; German Collection of Microorganisms and Cell Cultures) and rat anti-laminin (MAB1928, 1:100; Chemicon, Temecula, CA) in 5% NGS/PBS overnight at 4°C. After washing in PBS, the sections were then incubated with fluorescein-conjugated goat anti-rat IgG (1:25) and cyanine Cy5-conjugated mouse IgG (1:25) in 5% NGS/PBS for 30 minutes at room temperature. The sections were then washed three times with PBS, fixed in 4% paraformaldehyde for 2 minutes at 4°C, and blocked with 5% NGS/PBS for 30 minutes. Sequential incubations as described above were then performed with MHC IIa antibody (SC-71, 1:100; German Collection of Microorganisms and Cell Cultures) and rhodamine red-X-conjugated goat anti-mouse IgG. (1:25) . Digital images were captured under a confocal microscope (Olympus). Type I (Cy5-labeled), type IIa (rhodamine red-X-labeled) and type IId/x ϩ IIb (unstained) fibers were counted for the whole section, and each type was presented as percentage of the total fibers. To assess the degree of muscle wasting, we used Scion Image software (Scion, Frederick, MD) to measure the cross-sectional area for the plantaris muscles and the cross-sectional area for type I, IIa, and IId/x ϩ IIb fibers based on the fiber boundary stained positive for laminin (all type I and IIa fibers, and n Ͼ 30 of type IId/x ϩ IIb fibers).
Determination of Capillary Density
Similar procedures were followed as described above except that different primary and secondary antibodies were used: mouse anti-dystrophin (D8043, 1:100; Sigma, St. Louis, MO) and rat anti-CD31 (MCA1364, 1:25; Serotec, Raleigh, NC) followed by fluorescein-conjugated goat anti-rat IgG (1:25) and cyanine Cy5-conjugated goat anti-mouse IgG (1:25). To determine capillarity, three complementary quantification approaches were taken. First, we counted total number of capillaries (fluoresceinlabeled) on the entire cross-section for each muscle and presented as capillaries per unit area. Second, we obtained capillary-to-fiber ratio by dividing the number of capillaries by the number of muscle fibers to account for increased capillary density per unit area attributable to myofiber atrophy. Third, we determined fiber type-specific capillary contacting, ie, the number of capillaries in contact with a muscle fiber. This analysis provides evidence of fiber type specificity of vascular rarefaction. Capillaries in contact with type IIa and IId/x ϩ IIb fibers were counted (total Ͼ50 fibers were counted for each type). Because only a very small proportion of myofibers were type I fibers in plantaris muscle (Table 2) , capillary contacting for type I fibers were not included in the analysis.
Transmission Electron Microscopy
Transmission electron microscopy analysis was perform at Duke Electron Microscopy Service for soleus and white vastus lateralis muscle longitudinal sections from CSQ and WT mice (n ϭ 2 for each genotype, 10 weeks of age in DBA background) according to the method described previously. 29 Sarcomere length and Z line thickness were measured (124 to 194 sarcomeres and 12 to 14 Z lines were measured for each muscle and genotype).
Atrophic Response in Skeletal Muscle in Vivo
To test further if there is a differential induction of MAFbx/ Atrogin-1 and MuRF1 between slow oxidative and fast glycolytic muscles in response to atrophic stimuli, WT C57BL/6 mice (8 to 9 weeks old) were intraperitoneally injected with lipopolysaccharide (LPS; 1 mg/kg) or tumor necrosis factor-␣ (TNF-␣; 0.1 mg/kg). Mice injected with normal saline served as control. Twelve hours (for LPS) or eight hours (for TNF-␣) after injection, soleus and white vastus lateralis muscles were harvested for analysis of MAFbx/Atrogin-1 and MuRF1 mRNA expression by semiquantitative reverse transcriptase-polymerase chain reaction (RT-PCR) as described next.
Semiquantitative RT-PCR
This analysis was performed as described 30 to measure endogenous MAFbx/Atrogin-1 and MuRF1 mRNA expression in soleus and white vastus lateralis muscles in CSQ and WT mice. PCR primer pairs were designed using Primer3 search engine at http://www-genome.wi.mit.edu. The oligonucleotide primer pairs used for these genes in this study corresponded to the following nucleotides: MAFbx/Atrogin-1: 1917 to 1936 and 2415 to 2396 (NM_026346); and MuRF1: 50 to 69 and 452 to 433 (AF294790). Results were normalized by housekeeping gene cyclophilin mRNA 31 or 18S rRNA 28 and presented as fold change to soleus muscle in WT mice.
Western Immunoblot Analysis
For protein analysis, dissected muscles were homogenized and analyzed as described previously. 28 The following antibodies were used for immunoblot analysis: ␣-tubulin antibody (13-8000; Zymed, South San Francisco, CA), cytochrome c oxidase IV (COXIV) (A-21348; Molecular Probes, Eugene, OR), peroxisome proliferatoractivated receptor ␥ co-activator 1␣ (PGC-1␣) (SC-13067; Santa Cruz Biotechnology, Santa Cruz, CA), and MHCs (BF-F8 for MHC I, SC-71 for MHC IIa, and BF-F3 for MHC IIb; German Collection of Microorganisms and Cell Cultures). The intensities of the bands were quantified by using Scion Image software and normalized by ␣-tubulin.
Statistics
Data are presented as mean Ϯ SE. For comparisons involving two factors, eg, genotype and gender, two-way analysis of variance was performed followed by the Newman-Keuls test. For comparisons between two groups, the Student's t-test was performed. Paired t-test was performed for comparisons between white vastus lateralis and soleus muscles in the same mouse after LPS or TNF-␣ injection. P Ͻ 0.05 was accepted as statistically significant for all of the experiments in this study.
Results
Cardiac-Specific Overexpression of CSQ Induces Heart Failure, Cardiac Cachexia, and Exercise Intolerance in Mice
Consistent with the previous reports, 25, 32 male CSQ mice (8 weeks of age in DBA/C57BL/6 background) developed severe cardiac hypertrophy as shown by a profound increase (approximately threefold) in biventricular heart weight ( Figure 1A ). No significant difference in tibia length was observed between WT and CSQ mice (17.2 Ϯ 0.2 mm in CSQ mice versus 16.9 Ϯ 0.3 mm in WT mice, P Ͼ 0.05), indicating that CSQ mice did not suffer from growth retardation. CSQ mice had severely compromised cardiac function as shown by significantly de-creased fractional shortening (50.9%, P Ͻ 0.001) based on echocardiograph analysis and by increased lung weight (57.7%, P Ͻ 0.001) compared with WT mice (Figure 1B) . CSQ mice also developed severe cachexia as shown by a significant decrease in body weight compared with WT mice (37.8%, P Ͻ 0.001) ( Figure 1C ). To determine whether CSQ mice developed exercise intolerance, we performed a treadmill running test for CSQ and WT mice. The running distance to exhaustion in CSQ mice was significantly reduced (2.4 Ϯ 0.2 km versus 0.7 Ϯ 0.3 km in WT mice, P Ͻ 0.001) ( Figure 1C) . Female mice at the same age showed a similar approximately threefold increase in heart weight (4.6 Ϯ 0.1 mg/g body weight in WT versus 13.0 Ϯ 0.9 mg/g body weight in CSQ mice, P Ͻ 0.001); however, they did not display any significant changes in body, lung, and skeletal muscle weight as well as other parameters that we measured later in the study, such as capillary density, myofiber size, and fiber type composition in plantaris muscle (not shown). Because we could not definitively determine whether lack of whole body cachexia and muscle abnormalities was attributable to lack of heart failure or a gender difference, we did not include female mice in the later analyses, leaving the gender difference to future studies.
Vascular Rarefaction Is Prevalent in Fast-Twitch, Glycolytic Fibers in CSQ Mice
To determine whether heart failure results in vascular rarefaction in a fiber type-specific manner, we performed indirect immunofluorescence using antibodies against MHC IIa, dystrophin, and CD31 for plantaris muscle cross-sections (predominantly glycolytic type IId/x and IIb fibers and some oxidative type I and IIa fibers) from CSQ and WT mice (Figure 2A ). Capillary to fiber ratio was significantly decreased (12.8%, P Ͻ 0.01) in CSQ mice compared with WT mice (Figure 2B ). Further analysis by counting capillaries in contact with individual myofibers showed a significant decrease in capillary contacting in glycolytic fibers (18.2%, P Ͻ 0.05) but not around oxidative type IIa fibers in CSQ mice ( Figure 2C ).
Mitochondrial Oxidative Enzyme Expression Decreases in Fast-Twitch, Glycolytic Muscles in CSQ Mice
To characterize the skeletal muscle abnormalities with regard to the expression of contractile protein isoforms and mitochondrial biogenesis, we performed Western immunoblot analysis for MHC isoforms (I, IIa, and IIb), COXIV, and PGC-1␣ proteins in skeletal muscles of different fiber type compositions. MHC protein expression was not significantly different between CSQ and WT mice in four different hindlimb muscles. White vastus lateralis muscle in CSQ mice showed significantly decreased COX IV (39.5%, P Ͻ 0.01) and PGC-1␣ protein expression (30.3%, P Ͻ 0.01) compared with WT mice (Figure 3,  A and B) . A similar trend (not statistically significant) of decreased COXIV and PGC-1␣ protein expression was noticed in gastrocnemius (predominantly glycolytic type IId/x and IIb fibers and some oxidative type I and IIa fibers) and plantaris muscles, whereas no differences were observed in soleus muscle ( Figure 3, A and B) .
Fast-Twitch, Glycolytic Fibers Undergo Atrophy and Sarcomere Degeneration in CSQ Mice
To characterize the fiber type specificity of muscle atrophy, we measured muscle weight for several hindlimb muscles and observed a significant decrease in muscle weight (normalized by body weight) in tibialis anterior (11.6%, P Ͻ 0.05) (predominantly glycolytic type IId/x and IIb fibers and some oxidative type I and IIa fibers) and plantaris muscles (13.3%, P Ͻ 0.05) in CSQ mice compared with WT mice (Table 1) . No significant loss of muscle mass was observed in soleus muscle when normalized by body weight. Using indirect immunofluorescence with antibodies specific for MHC isoforms, 33 we confirmed that there were no significant differences in fiber type composition in plantaris muscles between CSQ and WT mice (Table 1) , consistent with the Western blot findings (Figure 3, A and B) . To further determine the fiber type specificity of myofiber atrophy, we measured the cross-sectional areas for the whole plantaris muscle as well as individual myofibers of different fiber types in plantaris muscle ( Figure 4A) . The cross-sectional area of plantaris muscle in CSQ mice decreased significantly (39.5%, P Ͻ 0.05), which was also reflected by an increased fiber number per unit area (31.8%, P Ͻ 0.05) ( Figure 4B ). Fiber type-specific analysis for individual fibers in plantaris muscle revealed a significant decrease of cross-sectional area in glycolytic type IId/x ϩ IIb fibers (20.3%, P Ͻ 0.05) and a trend of decrease in oxidative type IIa fibers (15.1%, P ϭ 0.13), but not in oxidative type I fibers (Figure 4, C and D) . To further characterize the pathological changes in skeletal muscles of CSQ mice, we performed transmission electron microscopy analysis. As shown (Figure 4 , E and F), compared with WT mice, soleus muscle (predominantly oxidative type I and IIa fibers) in CSQ mice displayed relatively normal structural features of the Z line and good alignment of sarcomeres. However, in white vastus lateralis muscle (nearly 100% glycolytic type IIb fibers) of CSQ mice, both the Z and M lines appeared paler, thinner, and more curved Plantaris muscle cross-sectional area (CSA) and fiber number per unit area (mm 2 ) in CSQ and WT mice (n ϭ 5). C: Indirect immunofluorescence staining of MHC I (blue), MHC IIa (red), and laminin (green) and merged images (merge) in plantaris muscles from CSQ and WT mice. A cross-reactivity of fluorescein-conjugated goat anti-rat IgG against MHC I was noted, but it did affect the analysis. A decreased myofiber cross-sectional area for type IId/x ϩ IIb (negative cytosolic staining) fibers can be appreciated. D: Cross-sectional area for type I, IIa, and IId/x ϩ IIb myofibers in plantaris muscles of CSQ and WT mice (n ϭ 5). Bars are presented as means Ϯ SE. * and ** denote a statistical differences with P Ͻ 0.05 and 0.01, respectively, compared with WT mice. E: Transmission electron microscopy analysis for soleus (SO) and white vastus lateralis (WV) muscles from CSQ and WT mice at the subsarcolemmal (SS) and intermyofibrillar areas (IMF). The Z (arrows) and M lines (arrowheads) became thin and curved, the sarcomeres were shortened and disarrayed in WV muscle of CSQ mice compared with WT mice, but the structural features of the sarcomeres remained relatively normal in SO muscle from the same mouse. F: Transmission electron microscopy analysis for soleus (SO) and white vastus lateralis (WV) muscles from CSQ and WT mice. The high-magnification image showed that the mitochondrial structures (*) in soleus muscle, such as inner and outer membranes and cristae, were preserved well in CSQ mice. Likewise, the Z (arrows) and M lines (arrowheads) were thin and curved, and the sarcomeres were shortened and disarrayed in WV muscle of CSQ mice but less so in SO muscle from the same mouse (please refer to Table 2 ). It could be clearly appreciated that the thick filaments were out of register in WV muscle from CSQ mice. Original magnifications: ϫ5000 (E); ϫ22,000 (F).
than those in the WT mice, and the sarcomeres were disarrayed (Figure 4, E and F) . White vastus lateralis muscle in CSQ mice had more profound decreases in both sarcomere length (19.0% in soleus versus 26.5% in white vastus lateralis) and Z line thickness (7.7% in soleus versus 17.6% in white vastus lateralis) than soleus muscle (Table 2 ). These structural changes were detected both at the subsarcolemmal and intermyofibrillar areas in CSQ mice ( Figure 4F ). Mitochondrial structure was generally preserved in soleus muscle from CSQ mice compared with that from WT mice ( Figure 4F ).
CHF Results in a Significant Induction of MAFbx/Atrogin-1 mRNA Expression in Fast Glycolytic Muscle
To obtain further evidence at the gene transcription level that support the findings of fiber type-specific muscle wasting, we measured MAFbx/Atrogin-1 and MuRF1 mRNA expression in soleus and white vastus lateralis muscles in CSQ and WT mice. The MAFbx/Atrogin-1 and MuRF1 genes encode striated muscle-specific E3 ligases functioning in the proteosome-dependent protein degradation pathway for muscle catabolism. 34, 35 Soleus muscle in CSQ mice showed a trend of increase (not statistically significant), but white vastus lateralis muscle showed a very dramatic increase (P Ͻ 0.001) in MAFbx/Atrogin-1 mRNA expression compared with WT mice ( Figure 5, A and B) . Interestingly, unlike other types of muscle atrophy, 36 there was no induction of MuRF1 mRNA in either soleus or white vastus lateralis muscles in CSQ muscle. To determine whether this finding could be generalized to other experimental conditions of skeletal muscle wasting, [37] [38] [39] [40] we measured MAFbx/Atrogin-1 and MuRF1 mRNA in white vastus lateralis and soleus muscles in vivo after intraperitoneal injection of LPS or TNF-␣. Consistent with the notion that slow oxidative muscles are more resistant to atrophic stimuli, we found more dramatic induction of Atrogin-1 mRNA in white vastus lateralis muscle than in soleus muscle after either LPS or TNF-␣ injection, and MuRF1 mRNA was not induced in soleus muscle at all but was significantly increased in white vastus lateralis muscle.
Discussion
Many studies have reported skeletal muscle abnormalities in human patients and animal models of CHF [1] [2] [3] [4] [5] [6] ; however, the pathological changes remain incompletely defined. Specifically, there is no information available regarding the fiber type specificity. Here, in a mouse genetic model of CHF, we have obtained evidence of manifested vascular rarefaction, reduction of mitochondrial oxidative enzyme expression, muscle atrophy, and enhanced E3 ligase MAFbx/Atrogin gene expression in fast-twitch, glycolytic fibers, whereas slow-twitch, oxidative fibers are relatively spared of these abnormalities. Therefore, our findings provide comprehensive morphological, biochemical, and gene expression evidence supporting the view that oxidative muscle phenotype is associated with a protective mechanism against the pathological insults caused by CHF. This type of CHFinduced muscle atrophy is associated with enhanced expression of muscle-specific E3 ubiquitin ligase MAFbx/ Atrogin-1 mRNA, but not MuRF1 mRNA. Our data also show that exercise intolerance can be induced in an animal model of CHF without a significant change in fiber type composition in skeletal muscle.
It has been demonstrated that vascular rarefaction is associated with skeletal muscle dysfunction in CHF 41, 42 ; however, there has been no formal report on fiber type specificity of vascular rarefaction in skeletal muscle in CHF. Our simultaneous immunofluorescence staining for MHC isoforms and endothelial cell marker CD31 revealed decreased capillary contacting in glycolytic type IId/x ϩ IIb fibers, not in oxidative type IIa fibers ( Figure 2C ), providing direct evidence that decreased capillary density occurs in a fiber type-specific manner as well. It is worthy to note that because of myofiber atrophy there was actually a trend of increased capillary density per unit area in skeletal muscle of CSQ mice (not shown). This trend in capillary density may serve as a compensatory mechanism to maintain the supply of oxygen and nutrients under the disease condition.
A decline in mitochondrial number and function has been offered as an explanation for the rapid development of muscle fatigue during exercise, 43, 44 which is strongly supported by the findings that mitochondrial volume density correlates closely with exercise capacity in different patients and in the same patients throughout time. 4 Impaired mitochondrial biogenesis/function is likely to play a role in initiating the pathological changes attributable to enhanced production of reactive oxygen species and/or reduced anti-oxidant capacity. A fiber type-specific impairment of mitochondrial morphology and function has not been reported in skeletal muscles in human patients with CHF because of fiber type heterogeneity and limitation of the available techniques. Here, we obtained clear evidence in CSQ mice that mitochondrial oxidative enzyme expression decreases in skeletal muscles rich in fast-twitch, glycolytic fibers. It remains to be determined Values are means Ϯ SE (number of measurements). *P Ͻ 0.05. ***P Ͻ 0.001.
if decreased mitochondrial oxidative enzyme expression in fast glycolytic fibers is indeed directly responsible for impaired exercise capacity under the CHF condition. In fact, the deteriorated exercise capacity observed in this study occurred in the absence of a significant change in fiber type composition, confirmed by both fiber-typing analysis using indirect immunofluorescence (Table 1) and Western blot analysis for myosin heavy chain proteins ( Figure 3A) . These findings suggest that a shift from the slow fatigue-resistant oxidative fibers to the more fatigable glycolytic fibers is not always necessary for the development of exercise intolerance, which has also been noticed in other clinical studies. 16 Of course, our findings do not exclude the possibility that such a fiber type change in human patients with CHF contributes to deteriorated exercise capacity. Nevertheless, they do seem to be different from previous findings in humans and other species. 7, [13] [14] [15] In addition to the possible species differences, one important factor to be considered is that the mice used in this study developed cardiac dysfunction rapidly 32 and had suffered from CHF for a short period of time (ϳ3 to 4 weeks) compared with human CHF patients who usually have the cardiac conditions for years. Thus, the abnormalities that we observed in CSQ mice might represent the early stage of skeletal muscle abnormalities in CHF. Given the complexity and heterogeneity of CHF in humans, we do not expect a model to recapitulate all of the pathological changes in the skeletal muscle of CHF patients. Still, we believe this genetic model of CHF provides an excellent opportunity to reliably detect early skeletal muscle changes induced by CHF. Lack of certain pathological changes, such as a decrease percentage of slow oxidative fibers, allowed us to assess the contribution of other factors to the impaired physiological function in a whole animal setting.
Skeletal muscle atrophy is a prominent etiology of chronic diseases. Muscle wasting usually starts long before the appearance of clinical signs of overt cachexia. It has been well documented that noncachetic patients with CHF show reduced leg lean tissue compared with healthy patients, 45 suggesting that muscle wasting presents an initial pathological change for the clinical symptoms of the disease. Our findings in this study clearly demonstrate the prevalence of muscle wasting and structural deterioration in fast-twitch, glycolytic fibers as determined by normalized muscle weight (Table 1) , fiber-specific measurement of the cross-sectional area of myofibers (Figure 4, A-D) , morphological analysis by transmission electron microscopy ( Figure 4 , E and F; and Table 2) , and mRNA expression of E3 ligases in the proteosome-dependent protein degradation pathway ( Figure 5, A-D) . These observations are consistent with and provide more comprehensive evidence to the previous findings that under the conditions of muscle atrophy fast glycolytic muscles are more prone to atrophic signals, [17] [18] [19] [20] [21] [22] [23] with exception to conditions of physiological or pathological disuse, in which slow oxidative fibers are more susceptible to the perturbation than fast glycolytic fibers. 46 -48 The involvement of the ubiquitin-proteasome pathway in muscle atrophy has been well established. Of particular interest was the identification of two genes, MuRF1 and MAFbx/Atrogin-1. 34, 35 These genes encode E3 ubiquitin ligases 34 and have been shown to be up-regulated in various types of muscle atrophy. 34 34 Enhanced expression of MuRF1 and/or MAFbx/Atrogin-1 mRNA now serves as a marker of skeletal muscle atrophy. Using RT-PCR analysis, we now have obtained evidence at the mRNA levels that further supports the aforementioned findings of manifested skeletal abnormalities in fast glycolytic myofibers. We observed a significant induction of MAFbx/Atrogin-1 mRNA in fast glycolytic white vastus lateralis muscle, but not in slow oxidative soleus muscle, in CSQ mice. This was further supported by our finding that there was a more dramatic induction of MAFbx/ Atrogin-1 in white vastus lateralis muscle than in soleus muscle and no induction of MuRF1 mRNA in soleus muscle, but significant induction in white vastus lateralis muscle in vivo after a single intraperitoneal injection of TNF-␣ or LPS ( Figure 5 , C and D). It seems that the protection against muscle atrophy in slow oxidative muscle occurs not only under CHF condition but also under other pathological conditions for skeletal muscle atrophy.
An interesting finding in this study is that muscle atrophy developed in CSQ transgenic mice with CHF was associated with enhanced expression of MAFbx/Atrogin-1 mRNA but not MuRF1 mRNA. It has been speculated that MuRF1 and MAFbx/Atrogin-1 mRNA expression under atrophic conditions are promoted via distinct signaling pathways. For example, enhanced expression of MAFbx/Atrogin-1 mRNA has been shown to be mediated by the p38 mitogen-activated protein kinase pathway. 37 In transgenic mice with muscle-specific activation of the nuclear factor-B pathway, muscle atrophy was induced along with enhanced expression of MuRF1 mRNA, but not MAFbx/Atrogin-1 mRNA. 53, 54 The upstream signaling pathway responsible for the induced MAFbx/Atrogin-1 mRNA expression in the current model of CHF remains to be ascertained. Delineation of signaling pathways in the development of skeletal muscle atrophy under different disease conditions will provide valuable information for the discovery of appropriate drug targets for treatment of this prevalent clinical etiology that affects virtually every patient with chronic diseases.
In summary, combinatory functional and analytical tests suggest that exercise intolerance can occur in the absence of significant fiber type switching in skeletal muscle, which has previously been speculated to play an important role in impaired exercise capacity in CHF patients. We have detected and compared fiber typespecific muscle atrophy, reduction of mitochondrial oxidative enzyme expression, vascular rarefaction, and enhanced muscle-specific E3 ubiquitin ligase mRNAs in skeletal muscles in a mouse model of CHF. The comprehensive biochemical, morphological, and transcriptional evidence strongly supports the view that CHF results in manifested abnormalities in fasttwitch, glycolytic fibers in skeletal muscle and that oxidative muscle phenotype provides a protection against pathological stimuli.
